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Abstract
The total cross section for the near threshold η production in proton-proton col-
lisions has been investigated with the assumption that the production mechanism
is due to the emission of a meson x(pi, η, σ) from one of the nucleons followed by
a xN → ηN transition on the second one. The xN → ηN amplitudes are gen-
erated from the unitary multi-channel multi-resonance model which has recently
been constructed in analyzing the piN scattering and piN → ηN reaction. The
initial and final pp distortions are calculated from a coupled-channel piNN model
which describes the NN scattering data up to about 2 GeV. With the x − NN
vertex functions taken from the Bonn potential, the predicted total cross sections
of threshold pp→ ηpp reaction are in good agreement with the data. In contrast to
previous works, we find that the η-exchange plays an important role. The effect of
the two-pion exchange, simulated by σ- exchange, is found to be significant but not
as dominant as the vector meson-exchange introduced in previous works.
The η production in proton-proton collisions has attracted a lot of interest
in the past decade. A theoretical understanding of this two-nucleon process
near the production threshold is needed for exploring the N∗(S11(1535)) dy-
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namics in nuclear medium, possible existence of η-nucleus bound states, and
the possibility of using η to reveal the properties of high-density nuclear mat-
ter created in relativistic heavy-ion collisions. All of the existing theoretical
works[1–5] on this reaction were based on the assumption that the basic mech-
anism of NN → ηNN reaction is the emission of a meson x(π, η, ρ, ··) from
one of the nucleons followed by a xN → ηN transition, as illustrated in Fig.1.
Clearly, an accurate assessment of this meson-exchange model depends heav-
ily on the accuracy of the employed xN → ηN amplitudes, treatment of
the propagation of the exchanged mesons, and the meson−NN vertex func-
tions. Furthermore, the initial and final NN interactions must be accounted
for by using realistic NN models. In this work, we investigate all these prob-
lems by making use of the recent advance in constructing the xN → πN
amplitudes[6,7] and the knowledge we have learned from previous studies of
meson-exchange models[8,9] of nucleon-nucleon interactions.
A common feature of the previous investigations[1–5] of the threshold pp →
ηpp reaction is that the ηN channel is only due to the decay of the N∗(S11)
resonance and the agreement with the data is obtained only when the sub-
threshold exchange of vector mesons is introduced. The predicted results thus
depend heavily on how the assumptions were made to determine the vector
meson coupling constants associated with the decay of the N∗(S11) resonance.
In Refs.[1–3,5], the vector meson dominance model(VDM) is used to determine
the N∗(S11) − ρN coupling from the branching ratio Γ(N
∗ → γN)/Γ(N∗ →
πN) = 0.013 ± 0.004 [1]. In Ref.[4], this ρ coupling constants is directly de-
termined from the N∗(S11) → ρN decay width listed by the Particle Data
Group[10]. The ω exchange is also introduced in Ref.[4] by assuming that its
coupling with the N∗ relative to that to the nucleon has the same value as
for the pion; i.e. gNN∗ω/gNNω = gNN∗pi/gNNω. These differences in choosing
the vector meson coupling constants had led to conflicting conclusions be-
tween these earlier investigations. The ρ-exchange was found to be dominant
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in Refs.[1–3], while the importance of the ω-exchange was stressed in Ref.[4].
In this work, we will not follow these earlier approaches to consider the possi-
ble contributions from vector mesons exchanges. Instead, our main objective
is to examine the extent to which the threshold pp→ ηpp data can be under-
stood from the π and η exchange which can be calculated with no adjustable
parameters. This will be accomplished by using the πN → ηN and ηN elas-
tic amplitudes generated from the recently constructed unitary multi-channel,
multi-resonance model of Ref.[6,7] and the π−NN and η−NN vertex func-
tions taken from the Bonn potential[8]. We then estimate the importance of
the two-π exchange by assuming that the fictitious third-channel in the em-
ployed unitary multi-channel, multi-resonance model is a σN channel with σ
identified with the one in the same Bonn potential. Another important fea-
ture of our calculation is the πNN model developed in Ref. [9] which accounts
for the initial and final pp distortions. This model was constructed to give a
good description of NN scattering up to about 2 GeV. The use of such a
realistic model is essential for calculating the initial pp distortion in the con-
sidered rather high energies EL ∼ 1.3 GeV. The final pp distortion is also
calculated from the same model which is as accurate as the Paris potential at
low energies, as discussed in Ref.[9].
Table I
x
g2
xNN
4pi
Λx ( MeV/c)
π 14.9 1300
η 2.0 1500
σ 8.7 2000
In terms of the kinematical variables in Fig.1, the expression for the spin-
averaged total cross section of pp → ppη reaction can be written as the fol-
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lowing form :
σtot =
∫
dqdΩηdΩ1
d5σ
dqdΩηdΩ1
, (1)
with
d5σ
dqdΩηdΩ1
=
2m4q2p21
(2π)5Eη(p1E2 −E1~p1pˆ2)
1√
(pb · pt)2 −m4
[
1
4
∑
spins
|Mfi|
2]. (2)
with pb and pt being beam and target four momenta, and p1 and p2 (E1 and
E2) are the final nucleon three c.m. momenta and energy. Eη is the η-c.m.
energy. The transition matrix element is defined by
Mfi =< χ
(−)
f |M
0|χ(+) >, (3)
where χ
(−)
f and χ
(+)
i are respectively the final and initial pp scattering wave-
functions generated from the πNN model of Ref.[9]. The production operator
M0 is
M0 =
∑
x=pi,η,σ
Mx,0, (4)
where the contribution from each exchanged meson x is defined by the follow-
ing plane-wave invariant matrix element
Mx,0 =
{[
u(p1, s1)(Ax+ 6qBx)u(pb, sb)
i
p2x −m
2
x
u(p2, s2)VxNN(p
2
x)u(pt, st)
]
− [1↔ 2]} (5)
−{b↔ t} .
Here, Ax and Bx are the xN → ηN invariant functions generated from the
unitary multi-channel, multi-resonance model of Ref.[6,7]. It is worthwhile to
note that the range of the constructed production operator depends on how
the momentum-transfer variable px in Eq.(5) is evaluated. In this work, we
follow the usual meson-exchange model of nuclear force[8,9] to set all nucleons
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on their mass-shell to choose p2x = (pt − p2)
2 = (EN (~pt) − EN(~p2))
2 − (~pt −
~p2)
2. The resulting operator is always finite range in coordinate space. This
is very different from the treatment of Ref.[1,2,5]. These authors obtained an
oscillating one-pion-exchange which is of infinite range in coordinate space.
The x−NN vertex function in Eq.(5) is parameterized as a monopole form
VxNN = gxNN
Λ2x −m
2
x
Λ2x − p
2
x
, (6)
The parameters Λx and gxNN used in this work are taken from the Bonn
potential[8] and is given in Table 1(from Table A.3 of Ref.[8]).
We first examine the distortion effects. In Fig.2, we display the distortion
factors calculated from the following expressions:
fISI =
∫
N | < χ
(−)
f |M
0|χ
(+)
i > |
2dX∫
N | < χ
(−)
f |M
0|φi > |2dX
(7)
fFSI =
∫
N | < χ
(−)
f |M
0|φi > |
2dX∫
N | < φf |M0|φi >2 dX
(8)
ftot= fFSI · fISI (9)
where dX = dqdΩηdΩ1 and N contains all of the kinematic factors in Eq.(2).
φi and φf are plane waves. Clearly these factors measure the importance of
the pp distortion in the η production. The initial distortion factor fISI(dotted
curve) is mainly due to the pp interaction in the 3P0 channel. It reduces the
magnitude of the cross sections by about 40 percent at all energies considered.
On the other hand, the final distortion fFSI(dashed) drastically increases the
cross section as the energy approaches the threshold. This is due to the for-
mation of a quasi-bound pp state in the 1S0 channel at very low energies.
The total distortion ftot increases the plane-wave cross sections by a factor of
about 1.5 at energies close to the threshold, but reduces the cross section at
higher energies. Clearly, the initial and final state interactions play nontrivial
roles in determining the calculated cross sections. This is however well known
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from many nuclear reaction calculations using distorted-wave impulse approx-
imation[11]. The results shown in Fig.2 already distinguish our work from all
previous works in which the initial pp distortion at such high energies is either
neglected[3] or evaluated[1,2,5] by using a NN potential which is only valid at
low energies. In Ref.[4], the initial and final pp distortions are both neglected.
From the definitions Eqs.(7)-(9), we obviously can write Eq.(1) as
σtot = ftotσ
0
tot (10)
where σ0tot can be calculated from Eqs.(1)-(5) except that the distorted waves
χ(±) in Eq.(3) are replaced by the plane waves φ. We have found that the calcu-
lated distortion factor ftot is rather insensitive to the detail of the production
operator M0 as far as it is of the range of nuclear force. In actual calculations,
we calculate ftot from the simple σ-exchange mechanism. Eq.(10) is then used
in the calculation with the full complexities of Eq.(5) included in the plane-
wave calculation of σ0tot.
Before we discuss our results, it is necessary to point out that the relative phase
between the πN , ηN and σN channels can not be fixed within the unitary
multi-channel, multi-resonance model[6,7]. To be specific, we therefore choose
(πN → ηN)/(ηN → ηN) ∝ −1 according to the SU(3) quark model of
N∗(S11)→ πN, ηN developed by Arima et. al[12]. However, the phase of the
σN → ηN relative to other transition amplitudes can not be fixed within the
phenomenological approach we are taking. We therefore present results with
both + and − relative signs between σN → ηN and πN → ηN amplitudes.
We first compare the contributions from the π-exchange and η-exchange. Their
contributions are the full thin line and the full thicker lines in Fig.3. In con-
trast to all previous works[1–5], they are comparable. The origin of this is
that the ηN scattering length determined in the unitary, multi-channel, multi-
resonance model(see Table I of Ref.[7]) is about 0.88 which is considerably
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larger than the value ≤ 0.55 used in previous calculations[1–5]. This impor-
tant difference was mainly due to the inclusion of multi-resonance and non-
resonant background interaction in the fit to the data. This was fully discussed
in Ref.[7].
The solid curve in Fig.3 is obtained from our calculation with only π- and
η-exchange. There is no adjustable parameters in this calculation. By includ-
ing the σ-exchange, we obtain the dashed and dotted curves. The difference
between them is due to uncertainty of the phase of the σN → ηN transition
relative to the πN → ηN transition. Clearly, the data can be described within
the theoretical uncertainty of the present approach.
In conclusion, we have shown that the near threshold pp → ηpp reaction can
be described with no adjustable parameters by using a meson-exchange model
mediated by the exchange of π, η mesons. The use of the unitary multi-channel,
multi-resonance model to generate the πN, ηN → ηN amplitudes is essential.
The initial and final pp distortions calculated from realistic NN models are
also shown to be very important in achieving the agreement with the data. The
two-π exchange, simulated by a σ-exchange, is found to be of some importance.
To quantify this mechanism, it is necessary to investigate the corresponding
mechanism in other η production reactions such as the photoproduction of η
meson on the nucleon. Our effort in this direction will be reported elsewhere.
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Figure captions
Fig. 1.
The Feynman diagram describing our process. The description of the vari-
ables is given in the text.
Fig. 2.
The values for the ISI and FSI distortion factors in the relevant energy
range. The exact definitions are given in the text.
Fig. 3.
The Comparison of near threshold experimental results for the pp → ppη
process with the predictions of our model. The meaning of each line is given
in the legend of the Figure.
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